Objectives: Gestational and chronological age may have an impact on myocardial function. We studied the longitudinal changes of the atrioventricular tissue Doppler velocities in premature infants through the neonatal transitional period and at expected term and explored the reproducibility of the measurements.
INTRODUCTION
Complex cardiorespiratory changes take place during transition from intrauterine to ARTICLE SUMMARY Article focus ▪ Tissue Doppler velocities of the atrioventricular annulus can be used as a marker of global myocardial function. ▪ Moderately premature infants have received little attention in echocardiographic studies. ▪ In this longitudinal study we assessed the dynamic changes in myocardial function by cardiac tissue Doppler velocities through the newborn transitional circulation and at expected term in moderately preterm infants.
Key messages
▪ Gestational age, postnatal age and ventricular size all influenced myocardial function measured by pulsed wave tissue Doppler imaging velocities. ▪ All cardiac tissue Doppler velocities increased significantly from the neonatal period to expected term with a more pronounced increase in right ventricle velocities compared to the left side. Results were higher than in healthy term infants from previous studies. ▪ The degree of early and late diastolic wave fusion influence diastolic tissue Doppler velocities and should be reported if present.
Strengths and limitations of this study
▪ The strength of this study is the serial design with four repeated examinations for each participant. This takes into account the dynamic changes with age and maturation and differentiates the study from previous ones. ▪ Limitations include the incompleteness in the number of analyses. This is because of both drop outs at follow-up and poor image quality in some cases. Image quality was sometimes suboptimal as reflected in the intravariability and the intervariability analyses. The infants were not sedated and some of them were agitated or cried through parts of the examinations, especially during the term examinations. This reflects the difficulties in examining noncooperative patients, but is also caused by inevitable biologic variation because of respiration and natural movement. Also, postnatal adaptive changes might already have occurred prior to the first examination.
A study designed with the first examination within few hours after birth followed by several repeated examinations just a few hours apart would have been more appropriate to detect the very early postnatal changes in TDI velocities.
extrauterine life. At birth the rapid decrease in pulmonary vascular resistance and the increase of pulmonary blood flow increase preload to the left side of the heart. The systemic vascular resistance increases with disconnection of the placenta. During the following days and weeks, the loading conditions of the left and right ventricles further change with closure of the fetal shunts and structural changes in the smooth vasculature of the pulmonary vessels. 1 2 Premature infants are especially vulnerable to haemodynamic instability, and the haemodynamic changes through fetal-neonatal transition are not completely understood. Clinical assessment of cardiovascular status is unreliable in neonates. [3] [4] [5] [6] Conventional echocardiography is widely applied for haemodynamic assessment. 7 Ventricular function, examined by conventional echocardiography has mainly focused on visual judgements and indirect indices such as fractional shortening of the left ventricle and recordings of blood velocities. Tissue Doppler imaging (TDI) focuses on the ventricular wall motion and allows for measurement of regional and global myocardial function. 8 9 Both systolic and diastolic function can be assessed simultaneously by this method, enabling a more comprehensive evaluation. The velocity of longitudinal atrioventricular annulus motion can be used as a marker of global myocardial function. 8 TDI is increasingly used to assess ventricular function in adults, 10 11 and there are several cross-sectional studies reporting feasibility applying TDI in neonates and children. [12] [13] [14] [15] [16] [17] [18] However, studies in moderately preterm infants are scarce and usually include few participants. Premature birth is an adverse event that can disturb the normal cardiovascular physiology. The dynamic changes during the fetal-neonatal transition may show different echocardiographic results in preterm than in term infants. The aim of this study was to first explore the atrioventricular annulus TDI velocities in premature infants during the postnatal cardiovascular transitional period and to compare these with the results at expected term. Second, we wanted to assess the reproducibility of the measurements.
METHODS

Setting and study population
A two-centre, prospective cohort study was performed. All premature infants born at the gestational age of 31-35 weeks without major congenital malformations, sepsis or need of cardiovascular supportive treatment were included from the Neonatal Intensive Care Unit at the Department of Paediatrics, Ålesund Hospital (n=40) and the Department of Neonatal Intensive Care, Oslo University Hospital, Ullevål (n=15) between March 2010 and December 2011, whenever personnel and equipment were available. Based on previous studies, 12 inclusion of 48 infants would provide a statistical power of 80% for detecting a 10% difference between days with a p value of 5%.
Echocardiographic examinations
Transthoracic echocardiography was performed daily during the first 3 days of life and at expected term (±14 days) by two investigators (BHE, DF) using Vivid i and Vivid S6 ultrasound devices (GE Vingmed, Horten, Norway) with standard phase array multifrequency transducers (7S probe; 3.5-8 MHz and 5S probe; 2.0-5.0 MHz). Structural abnormality was excluded at the first examination. Pulsed wave ( pw) TDI atrioventricular annulus velocities were obtained from the apical fourchamber view. The sample volume (5 mm; default setting) was placed at the lateral and septal attachments of the mitral valve (left lateral wall and septum) and at the lateral attachment of the tricuspid valve (right lateral wall) with the annular plane motion parallel to the ultrasound beam. We used default frame rate, tissue velocity range of ±16 cm/s and simultaneous good-quality ECG signal. Three to five consecutive cardiac cycles were recorded for each view.
Off-line analyses
All images were analysed offline by one observer (BHE) using the manufacturer's software (EchoPac PC V.108.1.5, SW, GE Vingmed, Horten, Norway). Standard echocardiographic measurements were performed according to guideline recommendations. 7 Gain was reduced to measure peak signals in the left and right walls and septum. The positive systolic peak (S 0 ) is the peak annular motion towards the apex. The two negative diastolic peaks are the peak annular motions away from the apex during early ventricular relaxation (E 0 ) and atrial contraction (A 0 ; figure 1). Whenever total fusion of E 0 and A 0 occurred, no diastolic velocity was measured. Both E 0 and A 0 were measured when an E 0 wave could be recognised as a defined velocity peak when partial fusion occurred. Left ventricular end-diastolic length (LVEDL) was measured in B-mode four-chamber Figure 1 Pulsed-wave tissue Doppler velocity, septal recording. S 0 , peak systolic velocity; E 0 , peak early diastolic velocity; A 0 , peak late diastolic velocity.
view from the apical epicardium to the sepal attachment of the mitral valve. Heart rate (HR) was obtained from the mitral Doppler flow signals. All variables were averaged from three cardiac cycles.
Statistics
Statistical analyses were performed using SPSS for Windows, V.18.0 (SPSS Inc, Chicago, Illinois, USA) or JMP V.9.0 (SAS Institute). The tissue Doppler variables showed no marked outliers, and paired t tests were used to test differences between successive days. Depending on the data distribution, the Pearson or Spearman r correlation coefficient was used to assess correlation between variables. General linear models were used to investigate possible confounding factors. Two-sided p values <0.05 were considered statistically significant.
To assess offline interobserver measurement variability, two experienced observers (BHE, TH) carried out a blinded analysis of 20 randomly selected cases. Intraobserver variability was evaluated by repeated measurements several months apart by the main investigator (BHE). All the tissue Doppler variables were selected for Bland-Altman 19 reproducibility analyses. Variability between measurements was computed as the difference between two measurements expressed as a percentage of the mean of the two measurements. The repeatability coefficient is defined as two times the SD of the difference between the measurements.
Ethical considerations
The study was approved by the Scientific Committees in both hospitals and by the Regional Committee for Medical and Health Research Ethics. Informed parental consent was obtained.
RESULTS
Study population
Patient characteristics are shown in table 1.
Fifty-five premature infants were included and examined at median (range) postnatal age 13 (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) , 38 (26-48) and 64 (54-72) h. The term examinations were conducted at 40 +1 (38 +2 -42 +6 ) weeks +days . The need for respiratory support is depicted in table 2.
One infant was excluded after the second examination because of pericardial effusion and left-sided pneumothorax that complicated echocardiographic examination. A set of triplets were moved to another hospital after the second examination. Three other infants were for various reasons lost to follow-up at term. Additional missing data are because of either missing images or images not eligible for analysis.
Conventional echocardiographic data
All infants had structurally normal hearts except for three infants with small, restrictive, muscular ventricular septal defects.
There are several methods to assess the haemodynamic significance of the ductus arteriosus, with ductal size being one of the most frequently used parameters. In this study the persistent ductus arteriosus (PDA) was considered haemodynamically important if the diameter measured from the colour Doppler signal was above 1.5 mm, and this was found in 17, 7 and 2 infants during the first 3 days, respectively. Two infants had a small PDA without haemodynamic significance at expected term. Patent foramen ovale was present in 49, 37 and 22 infants during the first 3 days and in 9 infants at expected term, all with minimal atrial shunting. Table 3 shows S 0 , E 0 and A 0 for the left lateral, septal and right lateral walls at the level of atrioventricular annulus attachment.
Pulsed wave tissue Doppler velocities
The increase in tissue velocities from days 1 to 2 were significant for septal and right S 0 and septal A 0 (p<0.05). From days 2 to 3 there was a significant increase in tissue velocities for left and septal S 0 (p<0.05), but otherwise a slight numeric decline for most parameters. A pronounced increase was observed for all parameters at expected term (p<0.001). A 0 was higher than E 0 for all three ventricular walls throughout all examinations (p<0.001).
There were significant correlations between gestational age and right-sided S 0 , E 0 and A 0 on day 1 (Pearson correlation 0.32-0.46, p<0.05). On day 3 the correlations were present for S 0 for all three walls and for septal E 0 and A 0 on day 2 (Pearson correlation 0.27-0.49, p<0.05). A moderate linear correlation was found between LVEDL and septal and right S 0 at term and for septal E 0 and A 0 at day 1 (Pearson correlation 0.30-0.56, p<0.05). Univariate analysis of variance were used to assess the possible effects of CPAP-treatment, presence of PDA (yes/no and diameter <1.5 mm/diameter >1.5 mm), oxygen supplementation and SGA on pwTDI velocities day 1. Results were We also studied possible correlations between HR and tissue Doppler velocities. There were no correlations apart from left A 0 at day 3 (Pearson correlation 0.38, p<0.05) and septal A 0 at expected term (Pearson correlation 0.40, p<0.05). This may reflect the tendency for fusion between E 0 and A 0 waves that will influence the measurement of the A 0 wave as discussed previously. In fact, when controlling for the degree of fusion of E 0 and A 0 waves the correlation between the variables disappeared.
Fusion of E 0 and A 0 Total diastolic wave fusion of E 0 and A 0 was dominantly observed with HRs above 155-160/min. There were significant correlations between HR and degree of fusion for all walls at day 1 and 2 (Spearman r 0.35-0.59, p<0.05) and for the septum at day 3 (0.33, p<0.05). Fusion was more frequently observed at expected term for all three walls, and was more frequent in the right lateral wall than in the left lateral wall and septum (table 4) .
Reproducibility
Bland-Altman plots of intraobserver and interobserver variability for the tissue Doppler variables revealed no marked association between variability and the tissue velocity (data not shown). The median (range) of the intraobserver variability over the nine pwTDI variables was 4.5 (3.1-7.8)%, the median coefficient of repeatability 0.63 (0.38-1.16) cm/s with the highest values found for E 0 in the septum (to a large extent caused by one observation, table 4 ). There were no systematic differences between first and second measurements in the intraobserver analysis. Also, for the interobserver case, the systematic differences were small (all well below 0.2 cm/s), although still significant for the septal S 0 and the left E 0 . The median variability for the pwTDI variables were 5.3 (1.9-9.8)% and the median coefficient of repeatability 0.63 (0.38-1.48) cm/s between the two observers (table 5) .
DISCUSSION
Enhanced knowledge and understanding of the postnatal changes in myocardial function can improve cardiovascular treatment, and this study provides novel insight into longitudinal changes in the myocardial function in premature infants through the transitional period and with maturation.
Principal findings
We have shown that the myocardial function measured by atrioventricular tissue Doppler velocities increased with postnatal age and were positively correlated to gestational age at birth. Even though the changes during the first 3 days were small, there was a clear trend of increasing velocities throughout the study period. Increased tissue Doppler velocities with increased gestational age at birth and increased postnatal age are in accordance with earlier studies in newborns. 12 13 18 This is further reflected by lower peak systolic velocities during the first 3 days in our group of moderately premature infants, compared to previous studies in term newborns, 12 13 and also by higher velocities compared with studies in the very preterm neonates. 13 Furthermore, we found higher pwTDI systolic and diastolic velocities at expected term compared with those from studies in term newborn infants. 12 20 Although the fourth examination was done at expected term, this was several weeks after birth when the haemodynamic pressure changes and adaptive maturation of the myocardium have evolved. Unequal postnatal age can therefore explain some of these differences.
There is a close relationship between body size and the size of cardiovascular structures, 7 and cardiac size has shown to be positively correlated to pwTDI velocities. 18 Accordingly, we found a moderate correlation between LVEDL and septal S 0 at expected term, for septal E 0 at days 1 and 2 and for septal A 0 at day 1.
S 0 was significantly higher in the right lateral wall than in the septum and left lateral wall at all four examinations ( p<0.001), as shown in earlier studies in newborn infants, 12 13 children 21 and adults. 11 This difference was even more pronounced at expected term. Systolic tissue velocities are influenced by afterload as known from early experimental works 22 and newer tissue Doppler studies 23 and the right-sided S 0 will thereby be influenced by the decrease in right-sided afterload that occurs during the first few weeks of life. 1 HR at expected term was significantly higher than that during the first three examinations. However, we found no correlation with tissue Doppler velocities when controlling for the effect of fusion. Earlier studies report conflicting correlations between tissue Doppler velocities and HR in children. Roberson et al 21 found that HR was negatively correlated to S 0 and E 0 but positively correlated to A 0 , while Eidem et al 18 found a negative correlation between all tissue Doppler velocities and HR. Other studies have found positive 24 correlation between HR and tissue Doppler velocities.
We found a reversed E 0 /A 0 -relationship in all walls, which has also been shown in earlier studies in premature and term born infants. 13 Whether this is either because of the immaturity of the myocardium or a sign of diastolic impairment is questionable. However, infants typically have high HRs and this leads to shorter duration of diastole. The start of atrial contraction can thus occur before the completion of the E 0 wave and be a summation of the remaining E 0 velocity, which can contribute to a reversed E 0 /A 0 relationship. If the atrial contraction occurs before the E 0 wave reaches its peak, the diastolic wave will be a summation of early ventricular relaxation rate and atrial contraction rate, which will be higher than each of the isolated E 0 and A 0 waves. Values are expressed as numbers of analyses. A 0 , peak late diastolic pulsed wave tissue Doppler velocity; E 0 , peak early diastolic pulsed wave tissue Doppler velocity; n, number of available analyses on each examination. A total fusion of the diastolic pwTDI components is therefore a combined velocity measurement that lacks reference values and should be interpreted with caution.
The degree of diastolic fusion should be taken into account when interpreting diastolic velocities.
Strengths and weaknesses
This study is to our knowledge the first to conduct serial measurements of pwTDI atrioventricular annulus velocities in preterm infants during the transitional newborn period followed by an examination at expected term. The longitudinal design differentiates this study from previous studies on cardiac pwTDI in infants. Extensive changes take place in the haemodynamic situation during the minutes, hours and days after birth. Every examination is a snapshot, but repeated echocardiographic examinations provide valuable insight to a dynamic process. Furthermore, earlier TDI studies in infants have mainly focused on children, term infants or extremely preterm infants. Where moderately preterm infants have been enrolled the studies have been small and with cross-sectional design. So far, there are no studies comparing groups of relatively healthy premature infants to infants with major pathology. Further studies are needed before concluding on the usefulness of TDI in the clinical management. However, this study sheds light on the development of TDI measurements during the first 3 days and after maturation in relatively healthy moderately preterm infants. The study also displays an acceptable reproducibility of the measurements that can provide a basis for further studies.
Limitations to this study include the incompleteness in the number of analyses. This is because of both drop outs at follow-up and poor image-quality in some cases. Image quality was sometimes suboptimal as reflected in the intravariability and the intervariability analyses. The infants were not sedated and some of them were agitated or cried through parts of the examinations, especially during the term examinations. This reflects the difficulties in examining non-cooperative patients, and is also to some extent caused by inevitable biologic variation because of respiration and natural movement. Also, the median age at the first examination was 13 h. Postnatal adaptive changes might already have occurred prior to the first examination. A study design with the first examination after a few minutes or hours after birth and several repeated examinations just a few hours apart could have been more appropriate to detect early postnatal changes in TDI velocities.
In conclusion, serial measurements of TDI velocities in moderately premature infants are feasible with acceptable reproducibility. Gestational age, postnatal age and ventricular size all influenced myocardial function measured by pwTDI velocities. Right ventricle velocities showed more pronounced increase with postnatal maturation than left ventricle velocities. The pwTDI velocities at expected term were higher than those found in earlier studies in term newborns, especially for the right wall and septum. Fusion of diastolic wave components influence diastolic velocities and might obscure comparison between studies. The degree of diastolic fusion should be reported if present.
